We report an alternative mechanism for the physical origin of the temperature-dependent ferromagnetic relaxation of Permalloy (NiFe) thin films. Through spin-pumping experiments, we demonstrate that the peak in the temperature-dependence of NiFe damping can be understood in terms of enhanced spin angular momentum absorption at the magnetic phase transition in antiferromagnetic surface-oxidized layers. These results suggest new avenues for the investigation of an incompletely-understood phenomenon in physics.
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In physical systems, damping characterizes the losses associated with out-ofequilibrium vibration dynamics [1, 2] . In the field of spintronics, which relies on the spindependent transport properties of matter [3] [4] [5] , magnetic damping is one of the key parameters as it regulates oscillations and switches in magnetization direction in any magnetic material [6, 7] . Magnetic damping plays this role with all kinds of stimuli, whether the dynamics of magnetization is excited through an electromagnetic wave [8] , an electrical current [9] , or a spin current [10] . Damping in typical ferromagnetic materials has been thoroughly experimentally characterized through measurements of ferromagnetic resonance spectra and determination of their linewidths [11] . Several mechanisms have been proposed to explain these findings [11] . However, the basic mechanisms behind some magnetic relaxation behavior remain unclear even in common magnetic materials. For example CoFe alloys were recently theoretically predicted [12] and experimentally demonstrated [13] to display ultra-low damping which was previously believed to be unachievable in metallic ferromagnets. In this article, inspired by recent theoretical and experimental findings on spin-pumping [14] [15] [16] [17] [18] [19] , we chose to investigate Permalloy (NiFe) in an attempt to determine the incompletely-understood origin of their non-monotonous temperature-dependence of ferromagnetic damping [20] [21] [22] [23] [24] [25] . More specifically, typical 3d transition metals (Co, Ni, Fe) and associated alloys (including NiFe) frequently show a minimum in their temperature-dependence of damping [26, 27] . It is now accepted that a conductivity-like term related to intraband scattering dominates at low temperatures, whereas a resistivity-like term due to interband scattering takes over at higher temperatures [27] . Sometimes for NiFe, a contrasting pronounced maximum has been reported in the temperature-dependent damping superimposed with a monotonous decreasing baseline [20] . This finding, and the reasons for it, remain controversial and are still being discussed. It has been suggested that the temperature-dependent reorientation of NiFe surface spins from in-plane to out-of-plane could account for the maximum damping observed [22] [23] [24] .
However, recent findings show that the spin reorientation may occur at a much lower temperature than the maximum damping [28] . An alternative mechanism was also proposed, involving slow relaxation on paramagnetic impurities present in or adjacent to the oscillating ferromagnetic material [20, 21, 29, 30] . In this process, the oscillations in the magnetization of the ferromagnet modulate how the energy splits between impurity levels. Subsequent relaxation of the impurities influences ferromagnetic damping. In fact, if not protected from oxidation due to exposure to air, a few monolayers of the NiFe layer will naturally oxidize to form a passivating oxide layer (NiFeOx). This layer contains a complex mixture of NiO and FeO antiferromagnetic alloys with variable stoichiometry gradients [25] . In this context, the potential influence of relaxation of interface paramagnetic impurities in bilayers where a ferromagnet is exchange-biased to an antiferromagnet was considered in several studies [31] [32] [33] [34] . The results of these studies led to divergent mechanisms for the temperature-dependence of the relaxation rate for impurities [31] [32] [33] [34] . Beyond paramagnetic impurities or exchange-bias interactions, the presence of NiFe antiferromagnetic surface oxides raises the question of how spin angular momentum is absorbed by the antiferromagnetic layer itself [35, 36] . In this process, transfer/sink and propagation of spin angular momentum involves magnons from the oscillating ferromagnet feeding into the entire antiferromagnet, due to magnetic coupling [37, 38] . The end result is an overall enhancement of the intrinsic damping of the ferromagnet [35, 36] . In addition, near the phase transition for the magnetic order of the antiferromagnetic layer, i.e., around its Néel temperature, the magnetic fluctuations were shown to lead to a maximum spin-pumping efficiency [16] [17] [18] . The origin of this phenomenon was corroborated by calorimetry [16, 39] and neutron diffraction measurements [18] .
In this work, we investigated whether enhanced spin angular momentum absorption at the magnetic phase transition of surface-oxidized layers could be an alternative mechanism explaining the temperature-dependent ferromagnetic relaxation of NiFe. We examined temperature-dependent ferromagnetic relaxation in NiFe thin films, and how it was affected by oxidation of the NiFe layer and the number of oxide layers surrounding the NiFe (two, one or none). Spin-pumping experiments were performed at various temperatures on two series of samples. The first series consisted of Si/SiO2(500)/NiFe (8) Transmission electron microscopy (TEM) analysis ( Fig. 1(a) ) was used to view oxidation of the NiFe layer in the SiO2 / NiFe-Ox stack. Results of these investigations indicated that the thickness of the NiFeOx surface oxide due to NiFe oxidation in air is approximately 1.6 ± 0.2 nm. This value is in line with data from the literature, where passivating surface oxides were reported to measure nanometers thick [25] . Representative results from energy dispersive x-ray spectroscopy (EDX) measurements are illustrated in Fig. 1(b) . These data confirm the presence of a surface-oxidized layer and reveal the presence of another oxidized layer at the interface between the SiO2 and NiFe layers. This lower oxide layer was not visible in the TEM image due to a lack of contrast with the SiO2 underlayer. The presence and thickness (around 0.3 ± 0.2 nm) of this bottom oxide layer was determined from the horizontal shift in the oxygen and silicon traces in Fig. 1(b) . From the data shown in Fig. 1(b We next investigated the magnetic nature of the surface-oxidized layers by measuring hysteresis loops at various temperatures using a magnetometer ( Fig. 2(a) ). These results show a loop shift (HE) along the axis of the magnetic field, demonstrating magnetic exchange-bias interactions [40, 41] between the NiFe ferromagnetic layer and the NiFeOx surface-oxidized layer. These data thus confirm the antiferromagnetic nature of the top surface-oxidized layer.
The data presented in Fig. 2(b) further indicated that HE decreases as the temperature rises. The ferromagnetic/antiferromagnetic blocking temperature (TB) can be extracted from HE vs. T by determining the temperature at which HE vanishes [40, 41] . For the NiFe/NiFeOx(1.6) bilayer,
TB was found to be about 15 K (see data for the Cu / NiFe-Ox and SiO2 / NiFe-Ox samples). TB is expected to be much smaller than the critical temperature (Tcrit) for the antiferromagnetic to paramagnetic transition [40, 41] . This relationship can be explained as TB relates to the interfacial exchange interactions between the ferromagnet and the antiferromagnet, whereas
Tcrit relates to the exchange stiffness between all antiferromagnetic moments. For the NiFeOx(0.3)/NiFe bilayer (see data for the SiO2 / NiFe / Cu sample) TB is sub-K and could not be measured based on the data shown in Fig. 2(b) due to the fact that the lower NiFeOx oxide layer is very thin and displays a reduced Tcrit. Note that for the NiFeOx(0.3) ultra-thin layer,
Tcrit probably describes a frozen to liquid spin transition. Results confirming the reduced value of Tcrit will be discussed further.
Spin-pumping experiments [ Fig. 3(a) ] and related series of ferromagnetic resonance spectra were recorded for temperatures (T) ranging between 20 and 300 K, using a continuous-wave electron paramagnetic resonance spectrometer operating at 9.6 GHz fitted with a cavity.
For each temperature the Gilbert damping () was determined by fitting the NiFe resonance spectrum to a Lorenzian. The value of  was extracted from:
, where Hpp is the peak-to-peak linewidth for the spectrum, is the gyromagnetic ratio, and  is the angular frequency [42] . H0 relates to spatial variations in the magnetic properties. This parameter was determined from standard Hpp vs.
plots using a separate, broadband coplanar waveguide operating at room temperature for frequencies ranging between 2 and 24 GHz [42] . Figure 3 ]with a detectable conductivity-to resistivity-like progression [26, 27] . From Fig. 1(b) , we can thus conclude that the temperaturedependence of  0 can be neglected, but that  p,i is highly temperature-dependent. The non-local damping is given as presented in [14] by: Fig. 3(b) , where 2 0 ,
, we concluded that the critical temperature for the phase transition of the lowermost 0.3-nm-thick NiFeOx oxide, which formed at the interface between the NiFe and SiO2 layers, is less than 20 K. We infer that this temperature is actually well below 20 K, and probably sub-K since the amplitude of the damping peak for the 0.3-nm-thick NiFeOx oxide is expected to be 5 times (1.6/0.3) larger than that of the 1.6-nm-thick oxide. The reason for this difference is that  p is inversely proportional to the number of lattice sites in the spin absorber ( SA N ). Finally, the data for the SiO2 / NiFe-Ox sample relate to 2 0 , (0.3) ,
. As shown in Fig. 3(b) , we verified that
We further investigated how Tcrit depends on the thickness of the oxidized layer. Figure 4(b) illustrates how the critical temperature for the NiFeOx layer is directly proportional to its thickness. This linear relationship is in line with theories on finite size scaling of magnetic phase transitions [43, 44] whereby Tcrit(tNiFeOx)=TN(bulk)(tNiFeOx-d)/(2n0), with TN(bulk) as the bulk Néel temperature of the NiFeOx layer, tNiFeOx as its thickness, d as its lattice parameter, and n0 as its phenomenological inter-spin correlation length. Our data cannot be readily fitted to the model because the nature of the NiFeOx layer is complex, composed of a mixture of different phases including NiO and CoO alloys (approximately proportional to the initial Ni-to-Fe 20/80 atomic ratio) and thickness gradients in the oxidation rate [25] . The red line in Fig. 4(b) which is typical for ordered magnetic films [25] .
In conclusion, the main contribution of this paper is the experimental evidence it presents supporting an alternative mechanism explaining the incompletely-understood physical origin of the temperature-dependent ferromagnetic relaxation of Permalloy. Our results demonstrated that the peak in temperature-dependence of Permalloy damping can be understood in terms of enhanced absorption of spin angular momentum at the antiferromagnetic to paramagnetic phase transition of its surface-oxidized layer. These findings open perspectives for further investigations since a multitude of magnetic materials form antiferromagnetic spin absorbers upon oxidation. Samples were capped with Pt in preparation for the TEM experiment. Thickness-dependence of the critical temperature (Tcrit) for the magnetic phase transition of the oxidized NiFe layer. Open circles represent data deduced from Fig. 4(a) , they are plotted against the initial NiFe thickness (tNiFe). Full squares represent data deduced from Fig. 3 (b) and the corresponding text; they are plotted against the NiFeOx thickness determined from TEM and EDX experiments (see Fig. 1 ). Line fitting was based on the equation presented by Zhang et al. [43] in the thin-layer regime for a (NiO)81(FeO)19 alloy. Fig. 1 
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